[1] We develop a theory of using difference wavefields of repeated sources to locate and quantify temporal medium change and apply the theory to locate temporal change of seismic properties beneath the Japan subduction zone using repeated earthquakes. Our theory states the difference wavefields of two repeated sources in a temporally changed medium can be equivalently treated as wavefields propagating from conceptual sources, with their location at the place of temporal change and their strengths equal to the product of magnitude of medium property change and magnitude of the initial wavefields from the repeated sources. When the medium change extends to a finite region, the conceptual sources become volumetric sources distributed over the region of the medium change and propagating in the direction of the initial wave. The conceptualization establishes a theoretical framework for possible applications of using difference wavefields to locate and quantify temporal medium changes in geological sciences, ultrasonic experiments, civil engineering and medical imaging. We search repeating earthquakes occurring in the Japan subduction zone, formulate an empirical procedure to extract the difference wavefields between repeating earthquakes and determine temporal change of seismic properties using a back-projection method. We locate the temporal change of seismic properties beneath the Japan subduction zone to be at (37.2 N, 142 E), and estimate the magnitude of the conceptual body force associated with the temporal change to be 1.15 Â 10 10 N, or as a reference, a 0.87% density change for an assumed volume of temporal change of 10 3 km 3 .
Introduction
[2] Using seismic or ultrasonic waves to probe temporal change in the medium is an important topic in ultrasound experiments, civil engineering, medical imaging and geological sciences. In ultrasound experiments, scattered waves of repeated sources are used to estimate nonlinear behavior in seismic velocity using coda wave interferometry [Snieder et al., 2002; Grêt et al., 2006] . In civil engineering, repeated ultrasonic waves are used to monitor rock fractures of a building [Young and Collins, 2001] . In medical imaging, ultrasound images have been used to monitor cerebral blood flow changes in focal ischemia in rabbits [Els et al., 1999; Bonnin et al., 2008; Li et al., 2010] . And, in geological sciences, repeated seismic sources or explosions are used to monitor volcano activities [Poupinet et al., 1984; Martini et al., 2009] , seismic velocity changes before an earthquake and following large earthquakes [Li et al., 1998; Baisch and Bokelmann, 2001; Matsumoto et al., 2001; Vidale and Li, 2003; Ikuta and Yamaoka, 2004; Schaff and Beroza, 2004; Nishimura et al., 2005; Peng and BenZion, 2006; Rubinstein et al., 2007; Li et al., 2007; Cheng et al., 2011] , temporal evolution of oil production fields [Lumley, 2001; Rickett and Lumley, 2001] , underground carbon sequestration [Santos and Harris, 2009] and temporal change of seismic signals related to change of the properties in the crust [Bokelmann and Harjes, 2000; Furumoto et al., 2001; Niu et al., 2003; Taira et al., 2008; Zhao and Peng, 2009; Cheng et al., 2011] and in the Earth's core [Zhang et al., 2005; Wen, 2006; Cao et al., 2007; Zhang et al., 2008] . Recently, repeated ambient noise analysis provides another means for monitoring temporal change of elastic medium [Sens-Schönfelder and Wegler, 2006; Snieder et al., 2007; Wegler and Sens-Schönfelder, 2007; Brenguier et al., 2008a Brenguier et al., , 2008b .
[3] It is clear from these studies that probing temporal medium change has not only started to provide fundamental insights into physics of many geophysical phenomena, such as earthquake nucleation, fault zone damage and healing process, volcano activities, stress build-up in the crust and the thermochemical processes in the top of the Earth's inner core, but also become a practical and effective tool for monitoring evolution of oil fields and underground carbon sequestration. Two types of approach have been developed in detecting temporal change of medium properties. One approach is to obtain the medium images at different time steps and extract the difference between the images, while the other one is to relate the difference of waveform characteristics of the repeated sources or the Green's functions obtained from noise correlations to temporal change of medium properties. The issue, however, has always been challenging, because the signal associated with the temporal change is usually very weak compared to background waves, and the methods of detecting it require extremely high resolution and great care. In the approach of comparing images at different time steps, the presence of noise and actual station distribution make the resolution analysis difficult in constructing images using the background waves. The potential artifacts in the time-lapse images could significantly affect the identification and inference of temporal change in the medium. In the approach of relating the difference of waveform characteristics of the repeated sources or the Green's functions obtained from noise correlations to temporal change of medium properties, the repeatability of the source is always a practical issue for both ambient noise and repeated events including the controlled sources. In addition, most of the methods in this approach only provide an average estimation of the bulk medium.
[4] In this paper, we establish a theoretical framework that conceptualizes propagation of difference waves fields, defined as the wavefield difference between the repeated sources, and uses difference wavefields to effectively image temporal change of properties in the medium. The conceptualization we propose would make experiment design and resolution analysis straightforward, and overcome many challenging issues in the current methods of determining temporal property change in the medium. The conceptualization also makes it possible to pinpoint and quantify temporal change inside the medium. We apply the theory to search temporal change of medium properties beneath the Japan subduction zone using the difference SH waveforms of a pair of moderate-size earthquake doublet recorded at the Hi-net stations. We present the theory in Section 2, application to the determination of temporal seismic change beneath the Japan subduction zone in Section 3, and discussion and conclusion in Sections 4, 5.
Theoretical Framework of Relating the Difference Wavefields With Temporal Change of Medium
[5] We use two-dimensional SH wave propagation to demonstrate the concept. The extension of the concept to the P-SV system or to three-dimensional wave propagation is straightforward. We are dealing with the wave propagation problem that repeated sources are used at (x s , z s ), and there is a change of medium properties of density and shear modulus between the timing of the repeated sources. The theory is to relate the observed difference wavefields to the location and magnitude of the property changes in the medium.
[6] SH elastic wave propagation in a two-dimensional x-z medium is governed by the following equations:
where f is body force, (x s , z s ) location of repeated sources, v velocity wavefield, s xy , s zy stresses, r density, m shear modulus, and t time.
[7] Let v = v 0 , s xy = s xy,0 , s zy = s zy,0 be the velocity and stress wavefields and r = r 0 , m = m 0 the density and shear modulus of the medium associated with the first source; v = v 0 + dv, s xy = s xy,0 + ds xy , s zy = s zy,0 + ds zy , r = r 0 + dr, m = m 0 + dm be those of the latter source. Inserting these variables for the latter source into equations (1)-(3) and ignoring second-order perturbations, one yields the following equations related to the difference wavefields:
where dr, dm are temporal change of density and shear modulus between the sources, and dv, ds xy , ds zy are difference velocity and stresses of the wavefields as a result of the medium property changes.
[8] Let us first consider the case that the property change is localized at a single point in space(x c , z c ), i.e., dr(x, z) = Drd(x À x c , z À z c ) and dm(x, z) = Dmd(x À x c , z À z c ). Equations (4)-(6) now become:
where f ¼ ÀDr
Note that, other than two additional source terms, s x and s z being at (x c , z c ), and the body force term f at (x c , z c ), equations (7)- (9) are identical to equations (1)-(3). Equations (7)- (9) thus state that the difference wavefields can be treated as the wavefields that propagate in the same medium as the initial waves, with a conceptual body force f and conceptual stress perturbations, s x and s z , at the location of property change (Figures 1a and 1b) . The magnitude of the conceptual body force is equal to the negative of the product of density change and acceleration of the initial wavefields at the location of density change; the magnitudes of the conceptual stress perturbations are equal to the product of shear modulus change and strains (displacement gradients) of the initial wavefields at the location of shear modulus change.
[10] When temporal change of elastic properties extends to a finite region, the conceptual source would be the volumetric integration of equivalent forces in the region of medium change. Since the initial wavefields (acceleration and strains) of the actual source arrive at different time for different parts of the changed medium and the equivalent forces take effects at the arrival times of the initial waves, the equivalent forces become a propagating force, traveling in the direction of initial waves impinged on the changed medium (Figures 1c and 1d) .
[11] Numerical simulations indicate that such conceptualization of difference wave propagation accurately reproduces the difference wavefields. An example is shown for a homogeneous whole space medium (Figures 2a-2d) . In this example, the earlier source generates a wavefield in a homogeneous whole space and the latter source propagates through the same medium, but with a density change of 50% at the point represent by the dot (Figure 2a) . The wavefields for the two sources are calculated by a finite difference technique [Wen, 2002] and difference wavefields are obtained Figure 1 . Conceptualization of propagation of difference wavefields of repeated sources in changed media. (a) Cartoon illustration of wave propagation of repeated sources in a temporally changing medium. Sources are repeated at the location represented by star. Between the repeated sources, a density change (dr) and a shear modulus change (dm) occur at the location represented by dot; (b) conceptual source model for propagation of difference wavefields in Figure 1a . Wavefields propagate in the same background medium in Figure 1a , the conceptual source situates at the location where the medium change occur (star and dot in a); and the strength of the conceptual source, fp, is a summation of s x , s z , and f (see text); (c) same as Figure 1a , except that the medium changes extend to a finite region represented by circle; (d) volumetric sources model for propagation of difference wavefields in Figure 1c . Wavefields propagate in the same background medium in Figure 1c , volumetric sources (stars in a circular volume lined up in the propagating direction of source) are distributed in the region of medium changes and propagating in the direction of initial wave (arrow), the strength of the net force, fl, is the volumetric integration of fp in Figure 1b . Comparisons of difference wavefields of repeated sources from a conceptual source for a homogeneous whole space with a density of 2.6 g/cm 3 and a shear velocity of 2.85 km/s. (a) model setup, repeated sources (star) and location of the density change (dot); (b) a snapshot of difference wavefields of the repeated sources. Difference wavefields are obtained by subtracting the wavefields for homogeneous whole space from those for a model with a density change of 50% in the location represented by the dot in whole space; (c) model setup for wavefields of a conceptual source located at the place of density change (star and the same represented by dot in Figure 2a , with a strength equal to the product of density change and acceleration of the initial waves; (d) snapshot of wavefields for the conceptual source at the same time step in Figure 2b ; (e) model setup same as in Figure 2a , except the density change occurs in a finite region represented by circles; (f) snapshot of difference wavefields for model e. For comparison, the amplitudes of residual fields are scaled to a point source based on the volumetric distribution of the density change. Arrow indicated the direction of the initial waves from the repeated sources impinged on the location of density change. Cross, triangles and square in three models represent four receiver sites.
by subtracting the wavefields of the earlier source from those of the latter source ( Figure 2b ). In the conceptual model, a source is placed at the location of density change with the magnitude of the body force equal to the product of density change and acceleration of wavefields of the earlier source at the location of the density change (star, Figure 2c ). The wavefields for the conceptual source model match the difference wavefields well in time, amplitude and shape. This is evident from snapshots (Figures 2b and 2d ) and examples of waveform comparison (Figure 3a) .
[12] When the density change extends to a finite region (Figure 2e ), the residual wavefields exhibit direction dependence with respect to the direction of the initial waves from the repeated sources (Figure 2f ), or directivity typical of a finite propagating source. The residual wavefields exhibit narrower shapes and stronger amplitudes ( Figure 2f and the top traces in Figure 3b ) in the direction of the initial wave impinged on the changed media (arrow in Figure 2f ), broader shapes and smaller amplitudes ( Figure 2f and the bottom traces in Figure 3b ) in the direction away from the initial wave propagation, and waveform features intermediate to those in and away from the initial wave propagation ( Figure 2f and the middle two trace pairs in Figure 3b ) for the receivers in the direction perpendicular to the initial wave propagation.
[13] Since, except for the equivalent source terms, equations (7)- (9) are identical to the governing equations for the initial waves, the conceptualization of residual wavefields propagation (Figure 1 ) applies to any types of heterogeneous media. This is illustrated in a half-space model that consists of a free surface and random variations of seismic velocity of 4% with correlation scale lengths of 200 m in both x-and z-directions. The conceptual source in this case contains two major parts related to the initial direct wave and the reflected initial wave from the free surface, and minor components associated with the scattering of the initial waves from the random medium. The conceptual source model of wave propagation reproduces all the features of the residual waves, including various components related to direct, reflected and scattered initial waves, their interaction with free surface and interference of various components of residual waves, as evident from comparisons of snapshots (Figures 4b-4d and 4f-4h ) and synthetic waveforms ( Figure 5 ).
3. Application to Study Temporal Change of Seismic Properties Beneath the Japan Subduction Zone Using Earthquake Doublet [14] As an example, we apply the theory to search and determine temporal change of seismic properties beneath the Japan subducution zone. Temporal seismic velocity changes are reported in the region associated with faulting and volcanic activities [Furumoto et al., 2001; Matsumoto et al., 2001; Nishimura et al., 2005; Rubinstein et al., 2007] and the region is covered by more than 700 high-resolution Hi-Net seismic stations. We will rely on earthquake doublets as sources. In the following subsections, we present doublet search, an empirical procedure for the extraction of the difference wavefields and results of inferred temporal change of seismic properties in the region.
Doublet Search
[15] We adopt the procedures outlined in [Yu and Wen, 2012] to search possible doublets in the Japan subduction zone. We briefly review the procedures here. We first group event-pairs based on the event catalog between 2004 and 2010 provided by the Incorporated Research Institutions for Seismology for events that are less than 40 km away and with a body wave magnitude larger than 4.0. We collect vertical component data for those event-pairs from the seismic stations at the Global Seismographic Network (GSN), and band-pass filter the data from 0.8 to 1.5 Hz. Waveforms are further selected based on high signal-to-noise ratios. We cross-correlate the waveforms recorded at each GSN station between possible event-pairs. Highly similar neighboring events with an average cross-correlation coefficient higher than 0.95 are selected for further event relocation.
[16] We use the most similar and closest doublet located on the eastern coastline of Japan as repeated sources (Figure 6c ). The doublet consists of two events occurring in 2005 and 2009 (Table 1 ). The GSN recordings of this doublet constitute good azimuthal coverage for determining their relative location (Figures 6a and 6c ). We employ a master event relocation method developed by Wen [2006] to relocate the doublet. Relative location of the doublet is determined by minimizing the RMS travel time residuals of the P or Pn phase observed at GSN stations [Wen, 2006] (Figures 6b and 6d) .
Extraction of Difference Wavefield
[17] In extracting the difference wavefields resulted from the temporal change of medium, the source difference of the repeated sources has always been a challenging issue in both passive and active source experiments. To minimize the effects of source difference between the 2005 and 2009 Figure 2a and wavefields (light traces) generated by a conceptual source for model setup in Figure 2c ; (b) same as Figure 3a , except that wavefields are for model setup in Figure 2e . For comparison, the amplitudes of the residual fields are scaled based on the volumetric distribution of the density change. Synthetic waveforms are labeled with the symbols according to the receiver locations in Figures 2a, 2c , and 2e. doublet, two steps are adopted in the extraction of difference wavefields for each station between the two events. We use the observations recorded at a Hi-Net station MTDH (red triangle in Figure 9 ) as an example to illustrate the procedures (Figure 7) .
[18] Because we are dealing with the SH wave propagation, we only use the transverse components of the seismic data. We first align the waveforms of the doublet by crosscorrelation and normalize the waveforms (Figures 7a and  7e) . The normalization procedure is based on one event as a reference, and uses the ratio of 20-s waveform integration between the doublet to correct for amplitude difference of the other event due to the magnitude difference between the doublet at each station. We then extract difference wavefields between the doublet by weighting the subtraction of the normalized waveforms based on the cross-correlation coefficient between the doublet waveforms (Figures 7b-7d  and 7f-7h) . In this step, we calculate cross-correlation coefficient between the doublet waveforms within a 2-s time window and move the cross-correlation time window every (Figures 7d and 7h ). Waveform subtraction is weighted by a binary function of a value of zero for the time windows with a cross-correlation coefficient greater than a cut-off value and a value of one for other windows (Figures 7c, 7d, 7g, and 7h) . In another word, we only regard the difference waveforms in the de-correlated time windows (with the correlation coefficient lower than the cut-off value) as the signals resulted from temporal change of media. The difference waveforms in the correlated time windows (with correlation coefficient higher than the cut-off value) are regarded as the results from the slight differences in source radiation between the doublet. The cross-correlation coefficients are high in most of the time windows, but decrease dramatically at some time windows (Figure 7d) . A cut-off value of 0.93 is chosen empirically in this example.
[19] After these two steps, we exclude stations with the amplitude of the extracted difference wavefield signal smaller than the level of the background noise, defined as the amplitude of the waveform difference of the doublet before the Pn wave. To further ensure the quality of the data, we only use those waveforms with average cross-correlation coefficient larger than 0.98 for imaging temporal medium change. Of about 700 stations in the Hi-Net, a total of 36 stations are selected based on the these selection criteria, with 19 stations on the southwest side, 9 stations on the west side and 8 stations on the northwest side (triangles, Figure 9 ). The seismic data and extracted signals at these stations have been further eye-checked for their waveform qualities (Figure 8 ). The station distribution indicates such signals are observable at large area.
Determination of Temporal Change of Seismic Properties
[20] We use the observed difference SH wavefields to locate and quantify temporal change of seismic properties between the occurring times of the doublet. We determine the location of the temporal medium change based on the arriving times of the extracted difference signal and the magnitude of the temporal change based on the amplitudes of extracted signal and the acceleration of initial wavefields at the determined location of temporal medium change.
[21] The conceptualization theory states that the arriving time of the signal caused by the temporal change of seismic properties at each station is the summation of the travel time from the repeated events to the location of temporal changes (the conceptual sources) and the travel time from the conceptual sources to the station. Therefore, for a signal detected at a station, the possible conceptual sources locate at one ellipsoid-shaped surface based on the arrival time of the signal. When we have multiple stations, we can determine the location of the conceptual source, which is where those ellipsoid surfaces overlay. This back projection is implemented in the following steps, similar to those used to determine seismic scatterers in the deep mantle from PKP precursors [Wen, 2000; Niu and Wen, 2001] . For each station, we first determine its ellipsoid surface based on the station location, event location and the arrival time of the extract difference wavefields. We then assign the relative energy of the extracted difference wavefields (with respect to the maximum of the background field) to the grids of the ellipsoid surface. When multiple stations are used and their ellipsoid surfaces overlay, the projected energy is averaged. These projection steps are repeated for each assumed depth of the temporal change.
[22] We use Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981] to calculate the travel times and adopt a grid size of 0.2 by 0.2 degree based on the errors in predicting the Sn arrival times by PREM. The backprojection procedure places the location of temporal change at (37.2 N, 142 E), where the projected energy of the difference wavefields is focused. The energy of the difference wavefields is about 3.5% relative to the main energy of the observations. Forward calculation indicates that the predicted difference wavefields travel times based on the inferred position of the temporal change are consistent with either the first or the secondary arrivals of the extracted difference wavefield at those stations. Given the uncertainties of the model in predicting Sn arrival times, the uncertainty in the depth determination of the temporal change is large, between 0 and 80 km. If we assume that the temporal changes occur at the slab interface, they should be located at 35 km depth based on the slab depth contours in the region (Figure 9 ).
[23] While the relative amplitudes are projected back to determine the location of temporal change, the absolute amplitude of the observed difference wavefields are used to estimate the magnitude of medium property change. The displacement generated by a single force can be expressed by:
where U i is displacement in i direction, F j body force in j direction, v velocity and r distance from the source to the receiver [Aki and Richards, 2002] . For each station, we know the amplitude of difference wavefields, and the distance from the conceptual source to the station, r, so we can estimate the magnitude of the body force, F j . When multiple Figure 5 . Comparisons of waveforms of difference wavefields (heavy traces) obtained for model setup in Figure 4a and wavefields (light traces) generated for a conceptual source for model setup in Figure 4e . Synthetic waveforms are labeled with symbols according to the receiver locations in Figures 4a and 4e .
stations are used, the magnitude of body force F is the average. As from equation (7), the magnitude of the conceptual source per volume is f ¼ ÀDr ∂v 0 ∂t
Dr is density change and ∂v 0 ∂t
x;z ð Þ¼ x c ;z c ð Þ acceleration of the initial wavefields at the location of temporal change, and the equivalent body force F = Vf with V representing the volume of the region of temporal change, the volumetric integral of density change can be estimated by equation: Figure 6c . The RMS residuals larger than 28 ms are plotted as background. Thus, based on the acceleration empirical relationship and the distance from the earthquake doublet to the location of temporal change, the acceleration at the location of the temporal change is estimated to be 3.2 Â 10 À4 m/s 2 . The estimated magnitude of the conceptual body force associated with the temporal change of property is thus 1.15 Â 10 10 N. For reference, if we assume that the temporal change occurs within a volume of 10 3 km 3 and the density of oceanic crust to be 3.0 g/cm 3 , the density change of the medium is estimated to be 0.87%.
[25] The detected temporal change of medium property between 2005 and 2009 is about 125 km away from the initiation of the 11 March 2011 Tohoku-Oki earthquake [Chu et al., 2011] and within the rupture area of the earthquakes, as determined by many studies [Ammon et al., 2011; Ide et al., 2011; Yue and Lay, 2011] (Figure 8) . The timing and location of the detected temporal change may provide insights on the initiation and rupture of the large earthquake.
Discussion
[26] Difference wavefields between earthquake doublets have been used to determine the temporal change of seismic properties in the past [e.g., Niu et al., 2003; Taira et al., 2008; Cheng et al., 2011] . There are similarities and differences between our study and the previous studies. In the previous studies, the difference wavefields were judged to be in existence based on cross-correlation coefficient between the doublet waveforms; the difference wavefields were projected back to possible locations of temporal changes based on their arrival times; and the length scale of the temporal change was determined based on the frequency of the difference wavefields and the length of the time window the difference waves existed. Our identification of difference wavefields and back projection procedure are very similar to theirs. However, unlike the previous studies, which were based on just an intuitive relationship between the difference wavefields and the temporal change of medium property, our study provides a theoretical framework relating the difference wavefields to the temporal change of seismic properties. Besides locating temporal changes, our theoretical framework also illustrates how different characteristics of difference wavefields are physically related to the temporal change of seismic properties and how can those characteristics be used to quantify temporal changes of seismic properties of the medium, including their location, magnitude, volume and type of medium property change.
[27] The doublet we used in this study has a source location separation of about 250 m. The difference wavefields we observed are unlikely due to the location difference between the doublet. A location difference of the doublet Figure 8 . Overlap of normalized waveforms of the doublet recorded at other 10 stations (same as Figure 7e ). Blue arrows mark the arrival times of the extracted difference wavefields signal for each station.
will generate a decreased cross-correlation coefficient between the waveforms of the doublet, but such decrease is independent of time base on both theory and synthetics [Snieder et al., 2002; Snieder, 2006; Niu et al., 2003] . However, our observed quick decrease of cross-correlation coefficient is only isolated in a very limited time window (Figures 7d and 7h) . The characteristics of the observed cross-correlation coefficients indicates that either the waveform difference due to the location difference is small or it does not arise in the time window our difference wavefields are extracted.
[28] The temporal changes of velocity and density are related to different types of conceptual sources and they are theoretically distinguishable based on their waveform characteristics and azimuthal variation. In our example, the complex propagation paths of the difference wavefields render it impossible to distinguish between the temporal changes of density and velocity, we have thus only considered the density change. Because of the station coverage, we are also unable to study the directivity of the difference wavefields in the data and cannot estimate the volume of the temporal change. It is hopeful that the seismic data of future simpler events or experiments in a controlled environment may be used to better constrain the volume of temporal change and separate the effects of temporal change of density from those of velocity.
Conclusions
[29] Using SH elastic wave propagation as an example, we derive a theory that conceptualizes the propagation of difference wavefields of repeated sources in a temporally changed medium. We show that the SH difference wavefields in the changed medium could be equivalently treated as wavefields propagating from a conceptual body source and two conceptual stress perturbations located at the place of temporal medium change, with the magnitude of the conceptual body force equal to the product of density change and acceleration of the initial wavefield at the location of density change, and the magnitudes of the conceptual stress perturbations equal to the product of shear modulus change and strains (displacement gradients) of the initial wavefields at the location of shear modulus change. When medium changes extend to a finite region, the conceptual sources become volumetric sources distributed over the region of the medium change and propagating in the direction of the initial wave.
[30] The conceptualization of propagation of difference wavefields of this study indicates that the problem of locating and quantifying temporal property changes in the medium can be essentially treated as a problem of locating and quantifying the strengths of the conceptual sources using difference wavefields. When the property changes extend to a finite region, the directivity of the difference wavefields can be used to further quantify the lateral extent of the conceptualized source, and thus, of the changed medium. The conceptualization overcomes many challenging issues in the current methods for determining temporal property changes in the medium. The conceptualization makes it possible to pinpoint and quantify exact location of temporal changes inside the medium and experiment design and resolution analysis for the detection of temporal medium change straightforward.
[31] As an example of application, we apply the theory to locate and quantify temporal change of seismic properties beneath the Japan subduction zone using an earthquake doublet as sources. We develop an empirical procedure to extract the SH component difference wavefields from the Hi-Net stations, which includes weighting the subtraction of the normalized waveforms between the doublet by a binary function based on cross-correlation coefficients between the waveforms. We detect temporal change of medium properties in the region and determine the location of the temporal change to be at (37.2 N, 142 E) based on the arrival times of the difference wavefields using a back-projection method. Based on the amplitudes of the extracted difference signal and the acceleration of the background wavefields, we estimate the magnitude of the conceptual body force associated with the temporal change is 1.15 Â 10 10 N, or, as a reference, a 0.87% density change, assuming that the temporal change occurs within a volume of 10 3 km 3 . The detected temporal change of medium property between 2005 and 2009 is about 125 km away from the initiation of the 11 March 2011 Tohoku-Oki earthquake [Chu et al., 2011] and within the rupture area of the earthquakes. [Chu et al., 2011] , respectively. Yellow lines are reconstructed subducted slab depth contours from 0 to 60 km [Nakajima and Hasegawa, 2006; Nakajima et al., 2009] . Blue lines are rupture slip contours of the March 11, 2011 Tohoku earthquake from Ammon et al. [2011] .
